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GENERAL DISCUSSION

The FAST2D code, a two-dimensional hydrocode developed
by the Laboratory for Computational Physics at NRL, has been
modified and used to model homogeneous flows. The speed of
the transport algorithm which advances in time the density,
momentum, and energy has been improved by a factor of two.
This improved code has been used to model the transition to
turbulence for shear flow.

When fluids of different densities flow at different

relative velocities, one stream above another, an instabilitv
develops. The vorticity of a slab with a slight initial dis-
turbance is positive for a positive velocity leading to a
migration of positive vorticity. Where vorticity is displaced
downwards a positive x component is induced. This accumulation
will induce clockwise velocities which amplify the initial dis-
turbance leading to the instability.
To model such a flow system a computational grid was
chosen 200x64 in x and y, respectively. Zone sizes of -
2.8cm in x and 1.0cm in y were used. Downstream the grid
was stretched to obtain maximum length. To insure against
spurious signals propagating upstream a special boundary
condition was implemented. The momentum outflow was compared
to the momentum inflow and adjusted to obtain a balanced flow.
This boundary condition was checked for several flow velocities h

to insure a consistent answer.




- s s

The outflow boundary value for the pressure was chosen
in the following manner. To insure that the average pressure
does not greatly deviate from the ambient pressure, the out-
flow pressure must act so as to restore the computed pressure

to ambient. Therefore, we assert that the condition

Poutflow = pambient

would be an overly harsh restoring condition, if, for exam-

ple P > 1.05 P or P < 0.95 P The gradient

ambient ambient’

P'pambient/AY has associated with it some characteristic
scale length. If 2 is the width of our system such a length

might be /2, then

P = (P

outflow [) P) » P

Take the case where P > P then P

ambient’ < P which

outflow
creates a positive gradient allowing flow out. The case

where P < pambient allows P

> P causing a negative

outflow
gradient so as to increase P.

eJ




An important part of studying the development of the
instability is analyzing the data. The graphics routines
were modified and enhanced to establish a color presentation
capability. A shadow plotter was used as the basis for the
density plotter. A vector velocity plotter was modified to
present arrows in color. Figure 1 shows the resulting
display of density and velocity for the problem at 1.72
milliseconds.

Several preliminary calculations were completed to test
the overall production ability of the code with the new
boundary conditions and the new data presentation. Study
of these co-flowing problems requires many sets of con-
figurations, and thus the ability to produce a complete
simulation every five to six days including color processing
time. This requirement has been met and the code is now
ready for that use.

For the subsonic reactive flow part of the program,
the following three tasks were performed:

(1) the one-dimensional time-dependent flame model

was adapted to include a capability for modeling the

thermal diffusion phenomena,

(2) a study of the effects of thermal diffusion on

the burning velocity of hydrogen-air mixtures was

carried out, and

(3) the flame code has been documented as NRL

Memorandum Report 4910.
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Subsonic Reactive Flows

In the pastl, SAI in collaboration with NRL had

2

modified and used the NRL Flame code” to study the ignition

and quenching of pre-mixed gases3 and for the determination
of the burning velocity of fuel-air mixtures®. It was also
suggested4 earlier that the thermal diffusion phenomena
might play a significant role in the burning of hydrogen-
air mixtures. During this contract year, the flame code has
been extended to include the thermal diffusion phenomena and
the effect of thermal diffusion on the burning velocity of
a stoichiometric hydrogen-air mixture has also been studied.
A detailed account of this work is included in this report
in Appendix A and a brief description is given below.
Thermal diffusion contributes an additional source
term [see Eq. (8) in App. A] to the diffusion equations
[Eq. (7) in App. A] and in this way changes the diffusion
velocity of the various species in the system. It also
modifies the energy equation [Eq. (4) in App. A] by con-
tributing a term to the heat flux vector [Eq. (5) in App.A].
The evaluation of these terms and the solution of the dif-
fusion and energy equations is discussed in detail in
Appendix A. In the discussion below, the source terms in
the diffusion equations due to thermal diffusion will be

represented as S and those due to ordinary diffusion

TD
(due to concentration gradients) as SOD‘

.'., ).




In order to evaluate the importance of thermal diffusion,
the burning velocity of a hydrogen-air mixture was determined
with and without considering the source terms due to thermal
diffusion. The net effect of thermal diffusion is to lower
the burning velocity of a stoichiometric hydrogen-air mixture
by about 7%. In order to understand the reasons for this
effect, the spatial variation of the terms SOD and STD for
the various species have been calculated for a steady propa-
gating flame. For the species 02, the term STD is opposite
in sign to SOD‘ A negative value for STD implies that the
oxygen molecules are diffusing from the hotter region to
the cooler region. Since the sum of the two source terms
determines the diffusion velocity, the effect of thermal

diffusion is to slow the diffusion of 0, molecules into

2
the higher temperature region of the flame. The effect of
this on the burning velocity is not obvious since it depends
on the details of the reaction mechanism and the distri-
bution of other species. For the species NZ’ the term STD
is comparable to the term Sop and the effect of thermal
diffusion is to enhance the movement of N, from the hotter
region of the flame to the cooler region. For the species
HZ’ the effect of thermal diffusion is similar to that of

ordinary diffusion and it enhances the movement of H, from

the cooler region to the hotter region.




The term SOD for the species H is particularly
interesting. It is observed that the H atoms in a certain
region of the flame (the region with T > 1400 K for the flame
studied here) have a tendency to diffuse into the hotter
region while the rest (in the region with T < 1400 K) diffuse
into the cooler region. The diffusion of H atoms into the
cooler region is very important in the propagation of the
flame. The effect of thermal diffusion is to delay and
decrease the diffusion of H atoms into the cooler region.
Since the H atoms are produced primarily in the high temper-
ature region, the thermal diffusion of H atoms can signifi-
cantly retard the rate of propagation of the flame. This
may be the main reason for the observed reduction in the
burning velocity when the effects of thermal diffusion were
included. This has been discussed in more detail in
Section 5.2 of Appendix A.

The model used for the flame studies discussed above

1-4 45 a one-dimensional, time-dependent,

and elsewhere
Lagrangian numerical model. The model incorporates a

number of new approaches and algorithms which have been

tested by comparisons to less complex or analytic solutions
and by comparisons to experimental data. These new approaches

and algorithms along with the input parameters required by the

model have been discussed in the NRL Memorandum Report 4910




entitled "A One-Dimensional Time-Devendent Model for Flame
Initiation, Propagation and Quenching." This memorandum

report has been included in this report as Appendix A.
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FIGURE CAPTIONS

Fig. 1. Material densities and vector velocities.
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A ONE-DIMENSIONAL TIME-DEPENDENT ODEL
FOR FLAME INITIATION, PROPAGATION AND QUENCHING
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analyrtic solutions and by comparisons t¢ experimental data. These new ele-
ments include: ADINC (1) an irmlicit, lagrangian method for solving the
convrective parts of the conservation egquations; DFLUY [2,3] 2 wvariatle
accuracy algerithmn for determining diffusion fluxes without having to i;vert
matrices; VSAIM, a vectiorized version of the ordinary differential eguaticn
solver, CHDVZQ fb,S}; and a new method for treating an opern boundery in an
imelicit, lagrangian calculation. An asymptotic courling method is used iz

conjunction with timester splitting to coudle the various physical and cherxi-
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'I.) thnes if <we palirs of speciss i,k and {l,m; have sizmilar values for the
+ B ‘\*
7?7 terz, when zhelr tinary Z4iffusion coeffients can de relztel T
. 0, % [w_7-7°
ik - 1 PR Lan
Y - oa‘.‘ u"‘r
= 2 E
whare
MO
. _ _ok N
B., = M [\ L
skM v,
°. , 9%
end g, = =— e
L34 2
+ [V <
Zocwever, this procedure only modifies the temperziure-independent terz ~ . .
M4
. 1,00 ; . : .
“nen & for the two pairs of species Is very different the temperailure
jeperndence {znd hence “k) will 2lso have to be modified. The values fcr
(¥
Aﬂk and 3_kv-or all the pairs of species occurring in the hydrogen-oxygen-
9] e
ritrogen system are presented in Teble III. Using Zq. {23) rather <han
¢ . {1,2)%
Z3. {(34) avoids using tables 4o evaluate the collision iIntegral Q:P,- for
Sk
each pair of species at esch temperature.
Tor the thermal diffusion ratio (Eg. 38), the rztic of ccllison inte-
* - - - 3 . s .
grais ij nas been assumed to be unity. Although the ccllisicn integrzls
(1,1)% (1,2}
- - : - . el - 2
2 and 2'°7° are different from uniiy and vary with terperature, thelr

ratio is

cliose to unity ané rardly varies with temperature.
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Fig. 1 — Time history of the temperature profile in a Hy:00:N52:1:10 mixture
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Fig. 2 — The minimum ignition energy as a function o the radius of energy deposition
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Fig. 3 — Temperature profiles in a propagating flame
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Fig. 5 — Time history of the velocity of {(a) the flame and
(b) the fluid at the open boundary
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Fig. 6 — The flow velocity and temperature profiles in a propagating flame
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flame front,
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case Z, Zffect ¢f Thermel Diffusion on 2urning Velscciiy

In this case the thermal diffusion source terss in Zg. (B) were inc
. in the calculation of the diffusion velocities. The flame velocity ané the

velocity of the unburned geses were determined as described above for case L,

The tine history of these velocities have been cormpared <0 <hose ¢f case 1 In
ig. 3. The effect cof thermel diffusion is to reduce both the flame velscizy
and the wvelocity of the unburned gases. The "steady" flame velocity
ponding %o 20 us from the start of the calculations) decreases from 1C =z/s
to about .85 m/s while the corresponéing velocity of the unburned gases
.22 m/s to about 7.€5 m/s. The net effect is to lower the
burning velocity of the stoichiometric hydrogen-air mixture Lo ghout 2 x=/s.

The reasons for these effects are examined below.

The source terms censidered in Eg, (7) for the calculation of diffusion
velzcities are:
“a) due to concentration gradiants {ordinary &iffusicn)
n-t
- PR BT
Sop = Vg™ bz

(p) due to temperature gradients {(thermml diffusion)

Tne ssatial variations 27 these %we terms have been celzulated for the stealr
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Fig. 8 — Effect of thermal diffusion on the time history of the veiocity of
{a) the flame and (b) the fluid at the open boundary
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see “hat for C,, the term S, is opposite in sign to S..e. A negative
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value for Sm- implies that the oxrgen molzacules are diffusing from lef:
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o -5 S = Fo - - 2 - 3 bl < B 3
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source terms Geterrmines <the diffusion velocity, the effect

therzel diffusion is %o slow the diffusion of oxygen molecules into the

s

-
ol -

higher termperature regicn of the flame., The effect cf <his on the durning

velocity is not obvious since it depends on the detzils of the resciion
mechanisre and the distribution of other radicals. ¥For the species XN,, i
term Smn IS comparsble €0 the term SOD and the effect of thermal

diffusicn is o enrnhance the movement of NZ frcx the hotte
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flame to the cooler region.

In Fig. 1C, we corpare the terms SOD for the species H, and X, Ter

+

v

15, the effect of therml diffusion is similar to that of ordinary diffus

e ¢

w

nd it enhances the movement of H, {rom the cooler region to the hotter
region. The term Snpn Tor the species I Is particularly interesting. It
is otserved that the ¥ atoms in the region ur <o cell number 75 (i.e. T >
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Fig. 9 — Comparison of the spatial variation of the source terms due to ordinary diffusion
1Spop) and tnermal diffusion (Spp) for the species Og and Na. The temperature profiie
across the system has also been depicted.
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Fig. 10 — Comparison of the spatial variation of the source terms due to ordinary diffusion
(Sop/ and thermal diffusion (Spp) for the species H and H,
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Fig. 11 — Comparison of the spatial variation of the thermal diffusion source term for the
species H and O. The temperature profile across the system has also been depicted.
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